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In Canada, stillbirths occur at a rate of
approximately 6 per 1,000 births (1). Despite
the obvious importance of stillbirths as a
health event, little is known about the risk
factors that contribute to this event. In a
recent study examining the relationship
between chlorination by-products and several
adverse birth outcomes, we reported an
increase in stillbirth risk with high exposure
to total trihalomethanes (THMs) (2). Several
other studies have also implicated water chlo-
rination by-products as a potential cause of
spontaneous abortion and stillbirth (3–5),
but this relationship requires conﬁrmation. 
During the water treatment process, natur-
al organic substances can react with chlorine to
produce a number of halogenated hydrocar-
bon compounds. By-products formed include
THMs, halogenated acetic acids, halogenated
acetonitriles, chlorinated ketones, and halo-
genated phenols (6). Quantitatively, the
THMs are among the highest in concentra-
tion of the chlorination by-products and are
the most consistently measured in treated
water. THMs comprise four compounds:
chloroform, bromodichloromethane, chloro-
dibromomethane, and bromoform. THM
compounds as well as other by-products may
occur in different concentrations in water sup-
plies with a similar total THM level. 
Five studies, including our own, have
examined either stillbirth or spontaneous
abortion in relation to chlorination by-prod-
ucts (2–5,7). Exposure in three of these was
based on total THM level, and in another
study, exposure was based on a chlorinated
versus chloraminated water source. Only
Waller et al. (3) examined risk in relation to
speciﬁc THMs. They found a stronger asso-
ciation with bromodichloromethane than
with THM compounds per se, which points
to the need to examine risk in relation to
speciﬁc THMs.
The etiology of stillbirths is multifactorial
and likely differs depending on the speciﬁc
pathophysiologic process responsible for the
fetal death. Therefore, this study evaluated
the relationship between speciﬁc THM com-
pounds and stillbirth according to cause-of-
death categories based on the physiologic
process responsible for the fetal death.
Methods
The cohort consisted of singleton births with
known gestational age in the Canadian
province of Nova Scotia between 1988 and
1995. It was assembled from a population-
based perinatal database that contains mother
and infant information for all live born and
stillborn infants with birth weights ≥ 500 g.
Data were collected prenatally, during labor,
delivery, and postpartum and included
demographic and risk factor information. A
detailed description of this retrospective
cohort study has been previously published
(2). Information on cause of death of the
stillbirths was not included in the previous
study and was added to the original cohort.
Exposure information came from the
Nova Scotia Department of the Environment,
which provided results of monitoring for pub-
lic water facilities throughout Nova Scotia
during the relevant time period. Each facility
measured total THM, chloroform, bromo-
dichloromethane, bromoform, and chlorodi-
bromomethane on an average of four samples
per year. Although bromoform and chlorodi-
bromomethane are measured in Nova Scotia,
they occur at very low concentrations and
were not included in this analysis. To provide
estimates for each water facility for each
month, we performed a least-squares regres-
sion on chlorination by-product values for
year, month, and facility and predicted values
were obtained. 
The mother’s residence at the time of
delivery was assumed to be her residence dur-
ing the entire pregnancy. We estimated indi-
vidual exposures by linking mother’s resi-
dence to the geographic area served by each
water facility. The study area was restricted to
those municipalities where > 90% of house-
holds were served by the public water facility,
reducing the probability that subjects in a
particular area did not use the public water
supply. The data set was also restricted to
those served by a surface water source as
chlorination by-products are essentially
nonexistent in groundwater sources. We
averaged predicted values of by-product level
for the months covering the duration of the
mother’s pregnancy to provide an exposure
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During water treatment, chlorine reacts with naturally occurring organic matter in surface water
to produce a number of by-products. Of the by-products formed, trihalomethanes (THMs) are
among the highest in concentration. We conducted a retrospective cohort study to evaluate the
relationship between the level of total THM and speciﬁc THMs in public water supplies and risk
for stillbirth. The cohort was assembled from a population-based perinatal database in the
Canadian province of Nova Scotia and consisted of almost 50,000 singleton deliveries between
1988 and 1995. Individual exposures were assigned by linking mother’s residence at the time of
delivery to the levels of speciﬁc THMs monitored in public water supplies. Analysis was conduct-
ed for all stillbirths and for cause-of-death categories based on the physiologic process responsible
for the fetal death. Total THMs and the speciﬁc THMs were each associated with increased still-
birth risk. The strongest association was observed for bromodichloromethane exposure, where
risk doubled for those exposed to a level of ≥ 20 µg/L compared to those exposed to a level < 5
µg/L (relative risk = 1.98, 95% conﬁdence interval, 1.23–3.49). Relative risk estimates associated
with THM exposures were larger for asphyxia-related deaths than for unexplained deaths or for
stillbirths overall. These ﬁndings suggest a need to consider speciﬁc chlorination by-products in
relation to stillbirth risk, in particular bromodichloromethane and other by-product correlates.
The ﬁnding of a stronger effect for asphyxia deaths requires conﬁrmation and research into possi-
ble mechanisms. Key words: chlorination by-products, epidemiology, public water supplies, still-
birth, trihalomethanes. Environ Health Perspect 108:883–886 (2000). [Online 2 August 2000]
http://ehpnet1.niehs.nih.gov/docs/2000/108p883-886king/abstract.htmlmeasure during pregnancy. We excluded
women if gestational age was unknown. 
We examined risk for the by-product fac-
tors in continuous and categorical representa-
tions. Identical groupings were used for total
THM and chloroform because exposures
were of similar range and magnitude for these
factors. The referent group for total THM
and chloroform exposures were those with
average pregnancy exposure of < 50 µg/L.
The majority (> 95%) of women in the refer-
ent category had an average exposure in the
range 25–49 µg/L. Categorical groupings for
bromodichloromethane reflected the lower
magnitude and narrower range of values for
this by-product. To provide consistent incre-
ments of exposure level for the continuous
representation of THM compounds, incre-
ments of 10 µg/L were used for total THM,
chloroform, and bromodichloromethane.
In Nova Scotia, all stillbirths and neona-
tal deaths are reviewed by hospital perinatal
committees and further reviewed by clini-
cians with obstetrical and neonatal expertise
from the Reproductive Care Program of
Nova Scotia. A primary cause of death was
assigned according to guidelines prepared by
the Reproductive Care Program of Nova
Scotia, and these guidelines were used con-
sistently throughout the province. During
the study period, autopsies were performed
in 75% of the stillbirth cases. 
The categories for the underlying causes
of death were adopted from methods pro-
posed previously (8,9). These categories
included intrauterine asphyxia, congenital
anomalies, deaths related to immaturity, other
specified deaths, and unexplained deaths.
Asphyxia deaths included placental causes,
umbilical cord causes, and labor and delivery
causes. If two or more conditions were pre-
sent, the condition that was most likely to
have caused the fetal death was coded. 
We estimated relative risks (RRs) and
95% conﬁdence intervals (CIs) adjusted for
potential confounders using Poisson regres-
sion models (10). The relative risk associated
with exposure to each THM compound was
determined for all stillbirths combined and
for the cause-of-death subgroups.
We determined potentially important
confounders on the basis of the con-
founder–outcome relationship. A backward
regression approach with factors eliminated
at a signiﬁcance > 0.15 was used to identiﬁy
the subset of factors with the potential to
confound the relationship of interest. Factors
were maternal age, parity, smoking during
pregnancy, infant’s sex, and neighborhood
family income. With the exception of family
income, this information was obtained from
the perinatal database. Maternal age was rep-
resented in three categories, < 25, 25–34, and
≥ 35 years. Parity and smoking were dichoto-
mous variables. Neighborhood family
income, with adjustment for family size, was
calculated based on 1991 census information
for the enumeration area of the mother’s resi-
dence. Enumeration area is the smallest stan-
dard geographic area for which Canadian
census data are available. In 1991 the average
population size of enumeration areas in Nova
Scotia was 680.
Results
The cohort consisted of 49,756 singleton
deliveries between 1988 and 1995, where
mothers were resident in an area with
municipal surface water service. Among the
214 stillbirths in the cohort, the largest sub-
group included those with an unexplained
cause (Table 1). Asphyxia-related causes
accounted for 34% of stillbirths, with 63%
of asphyxia deaths classiﬁed as abruptio pla-
centae. The analyses to determine the rela-
tionship between total THM and individual
THM compounds and cause-of-death cate-
gories were restricted to unexplained deaths
and asphyxia-related deaths because the
number in the other categories was too small
to permit a meaningful analysis.
Table 2 presents the mean exposure
value and correlation between by-product
compounds. On average, 90% of the total
THM value (mean 71 µg/L) was accounted
for by chloroform levels (mean 64 µg/L),
and exposure values for these factors were
highly correlated. The mean value for bro-
modichloromethane was 6.9 µg/L, which
correlated moderately with total THM
(Pearson correlation coefficient, r = 0.44),
but less so with chloroform (r = 0.26).
Table 3 presents crude and adjusted RRs
for stillbirth according to the by-product expo-
sures. Relative risks were adjusted for smoking
and maternal age, and adjustment resulted in
only small changes to the risk estimates. Five
percent of the total cohort and 7% of those
with a stillbirth are not included in this analy-
sis due to missing information on smoking.
Relative risks associated with total THM rose
with increasing levels of exposure to 1.7 for
exposure to an average total THM level of
100 µg/L relative to exposures < 50 µg/L.
The continuous representation showed a 5%
increase in risk with each 10 µg/L total
THM. Results were similar according to
chloroform exposure. A dose–response pat-
tern was also observed according to levels of
bromodichloromethane exposure, with a
doubling of risk associated with the highest
exposure category. The continuous represen-
tation displayed a 29% increase in risk with
each 10 µg/L of bromodichloromethane.
Because the range of exposures is much lower
for bromodichloromethane, increments of 10
µg/L represent a larger proportion of the total
range than for chloroform. 
In an attempt to determine the indepen-
dent effects of THM by-products, the con-
tinuous representations of chloroform and
bromodichloromethane were entered simul-
taneously into a model (data not shown).
Relative risk estimates in this analysis repre-
sent the effect of each by-product adjusted
for the other by-product, maternal smoking,
and maternal age. Chloroform was not asso-
ciated with increased risk in this model (RR
= 1.03 per 10 µg/L; CI, 0.98–1.07), whereas
bromodichloromethane was associated with a
26% increase in risk per 10 µg/L (RR = 1.26;
CI, 1.05–1.49).
The data were analyzed by the stillbirth
cause-of-death classiﬁcations of unexplained
and asphyxia-related deaths (Table 4). For
unexplained stillbirths, the risk estimates
were lower than those for all stillbirths com-
bined, and CIs consistently overlapped the
null value. In the analysis of asphyxia cases
and total THM exposure, relative risks
increased with increasing levels of exposure,
to 5.0 for total THM ≥ 100 µg/L. The con-
tinuous representation showed a 13%
increase in asphyxia stillbirth risk with each
10 µg/L total THM. Results were similar for
chloroform, with an RR estimate of 3.6 for
those exposed to chloroform levels ≥ 100
µg/L. Elevated relative risks were also
observed for bromodichloromethane expo-
sure. The continuous representation showed
a 32% increase in risk with each 10 µg/L
bromodichloromethane.
Discussion
When all stillbirths combined were consid-
ered, the level of total THM and the speciﬁc
THMs in public water supplies were each
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Table 1. Description of stillbirths by cause-of-
death category
Stillbirths Number Percent
Unexplained 84 39
Asphyxia 72 34
Other speciﬁed 21 10
Immaturity 20 9
Congenital anomaly 15 7
Infection 2 1
Total 214 100
Table 2. Correlation between exposures to total THM, chloroform, and bromodichloromethane.
Pearson correlation coefﬁcient
Exposure Mean (µg/L) Total THM Chloroform Bromodichloromethane
Total THM 71.3 1.00 0.98 0.44
Chloroform 64.1 0.98 1.00 0.26
Bromodichloromethane 6.9 0.44 0.26 1.00associated with increased risk. Chloroform
accounts for a large proportion of total
THM, and exposure measures for these two
factors were highly correlated. Accordingly,
results for chloroform were similar to those
reported for total THM in a previous paper
(2). High exposure to bromodichloro-
methane was associated with a doubling of
risk compared to low exposure. Simultaneous
modeling of the two speciﬁc THMs suggest-
ed that bromodichloromethane was the
stronger independent predictor of risk. 
Two previous studies examined the rela-
tionship between stillbirths and water chlori-
nation (5,7). Aschengrau et al. (5) reported
an increased risk (odds ratio = 2.6) related to
the use of chlorinated versus chloraminated
surface water, whereas Bove et al. (7) found
no association between stillbirth and total
THM level. 
Previous studies of spontaneous abortion
are also relevant to this discussion, as they
may have a similar biologic response with
respect to the toxicity of chlorination by-
products. Waller et al. (3) examined total
THM and the four individual THMs. Their
finding that only high bromodichloro-
methane exposure was associated with spon-
taneous abortion both alone and after
adjustment for the other THMs is consistent
with our results. Savitz et al. (4) reported
increased risk of spontaneous abortion only
in the highest sextile of THM concentration. 
Analysis of stillbirth groups defined by
cause-of-death categories was conducted with
the intent of focusing on stillbirths with etio-
logic similarities. Two subgroups were
defined with sufficient numbers to allow
meaningful analysis. A stronger relationship
with the THM factors was observed for
asphyxia-related deaths than unexplained
deaths. The observation of a stronger relation-
ship with asphyxia-related deaths indicates
that this subgroup merits speciﬁc considera-
tion in future investigations. In this cohort,
63% of the asphyxia-related deaths were due
to abruptio placentae. Research into the
mechanisms responsible for abruptio placen-
tae suggest that folate deﬁciency and defects
within the methionine–homocysteine meta-
bolic pathway increase the risk of placental
vascular disease, including abruptio placentae
(11). A possible biologic mechanism to
explain the increased risks found for abruptio
placentae and exposure to chlorination by-
products may be the effect on folate or
methioinine–homocysteine metabolism.
Methionine biosynthesis has been shown to
be inhibited by chloroform and related com-
pounds in cell culture (12). 
The primary methodologic limitation of
this study is potential misclassiﬁcation of indi-
vidual exposure to THMs. Individual expo-
sure assessment was based on a measure of 
speciﬁc THMs for the water distribution sys-
tem serving the area of the mother’s residence
at the time of delivery. This measure does not
take into account variations in by-product
concentrations within a treatment distribution
system and individual behaviors that may
Articles • Stillbirth and chlorination by-products
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Table 3. RRs and 95% CIs for the relationship between stillbirth and total THM, chloroform, and bro-
modichloromethane.
No. Adjusted  RR 
Exposure stillbirths Rate (%) RR (95% CI) (95% CI)a
Total THM (µg/L)
< 50 43 0.33 1.00 1.00
50–74 79 0.42 1.26 (0.87–1.83) 1.27 (0.88–1.85)
75–99 31 0.42 1.26 (0.80–2.00) 1.28 (0.81–2.03)
≥ 100 44 0.56 1.69 (1.11–2.58) 1.66 (1.09–2.54)
per 10 µg/L – – 1.05 (1.01–1.09) 1.05 (1.01–1.09)
Chloroform (µg/L)
< 50 68 0.35 1.00
50–74 63 0.42 1.19 (0.84–1.67) 1.20 (0.85–1.68)
75–99 29 0.46 1.35 (0.87–2.07) 1.35 (0.87–2.08)
≥ 100 37 0.56 1.59 (1.06–2.37) 1.56 (1.04–2.34)
per 10 µg/L – – 1.05 (1.00–1.09) 1.04 (1.00–1.09)
Bromodichloromethane (µg/L)
< 5 96 0.37 1.00
5–9 57 0.40 1.08 (0.77–1.50) 1.07 (0.77–3.19)
10–19 23 0.54 1.45 (0.91–2.28) 1.44 (0.90–2.27)
≥ 20 21 0.74 1.99 (1.24–3.20) 1.98 (1.23–3.49)
per 10 µg/L – – 1.30 (1.10–1.53) 1.29 (1.10–1.53)
aRRs adjusted for smoking and maternal age. 
Table 4. RRs and 95% CIs for the relationship between unexplained and asphyxia-related stillbirth and
total THM, chloroform, and bromodichloromethane.
No. Adjusted 
Cause of death/exposure stillbirths Rate (%) RR (95% CI) RR (95% CI)a
Unexplained
Total THM (µg/L)
< 50 19 0.15 1.00 1.00
50–74 32 0.17 1.05 (0.51–2.16) 1.16 (0.66–2.04)
75–99 14 0.19 1.29 (0.65–2.57) 1.31 (0.66–2.62)
≥ 100 12 0.15 1.16 (0.66–2.04) 1.07 (0.52–2.22)
per 10 µg/L – – 1.00 (0.94–1.08) 1.01 (0.94–1.08)
Chloroform (µg/L)
< 50 28 0.14 1.00  1.00
50–74 28 0.19 1.28 (0.76–2.17) 1.29 (0.77–2.19)
75–99 13 0.21 1.47 (0.76–2.83) 1.49 (0.77–2.87)
≥ 100 8 0.12 0.84 (0.38–1.83) 0.86 (0.39–1.89)
per 10 µg/L – – 1.00 (0.93–1.07) 1.00 (0.93–1.08)
Bromodichloromethane (µg/L)
< 5 42 0.16 1.00 1.00
5–9 20 0.14 1.00 (0.61–1.64) 0.87 (0.51–1.49)
10–19 9 0.21  1.38 (0.69–2.74) 1.34 (0.65–2.75)
≥ 20 6 0.21 1.26 (0.54–2.96) 1.35 (0.57–3.19)
per 10 µg/L – – 1.13 (0.83–1.53) 1.15 (0.85–1.55)
Asphyxia
Total THM (µg/L)
< 50 7 0.05 1.00 1.00
50–74 27 0.14 2.65 (1.15–6.09) 2.67 (1.16–6.14)
75–99 10 0.13 2.50 (0.95–6.57) 2.49 (0.95–6.54)
≥ 100 21 0.27 4.96 (2.11–11.67) 4.57 (1.93–10.77)
per 10 µg/L – – 1.13 (1.06–1.19) 1.12 (1.05–1.18)
Chloroform (µg/L)
< 50 17 0.09 1.00 1.00
50–74 18 0.12 1.36 (0.70–2.64) 1.36 (0.70–2.63)
75–99 10 0.16 1.86 (0.85–4.06) 1.82 (0.83–3.97)
≥ 100 20 0.30 3.43 (1.80–6.56) 3.15 (1.64–6.03)
per 10 µg/L – – 1.13 (1.06–1.21) 1.12 (1.05–1.20)
Bromodichloromethane (µg/L)
< 5 29 0.11 1.00 1.00
5–9 18 0.13 1.13 (0.63–2.03) 1.09 (0.61–1.97)
10–19 12 0.28 2.50 (1.27–4.89) 2.32 (1.18–4.55)
≥ 20 6 0.21 1.89 (0.78–4.55) 1.75 (0.72–4.22)
per 10 µg/L – – 1.36 (1.04–1.78) 1.32 (1.00–1.74)
aRRs adjusted for smoking and maternal age. inﬂuence exposure. The role of mobility in
this study was addressed in a previous study in
which we estimated that the change in munic-
ipality of residence would likely affect < 10%
of study subjects (2). This study was limited to
fetal deaths ≥ 500 g, as information on earlier
fetal deaths (e.g., spontaneous abortions) is not
available in the perinatal database.
We were unable to examine other THMs
(e.g., bromoform and chlorodibromo-
methane) because these by-products occurred
in low concentrations in the water supplies
examined. In this cohort, only 3% of moth-
ers had average bromoform exposure > 1
µg/L, and only 2% had average chlorodibro-
momethane exposure > 1 µg/L. In contrast,
18% of the population studied by Waller et
al. (3) were exposed to bromoform concen-
trations > 16 µg/L, and 16% were exposed to
chlorodibromomethane of > 31 µg/L (3).
A relationship between total THM and
stillbirth was suggested in our previous pub-
lication of total THM exposure and several
adverse birth outcomes (2). The findings
presented here focus on speciﬁc chlorination
by-products and categories of stillbirth in an
attempt to better understand this potentially
important relationship. These results sug-
gest a need to consider speciﬁc chlorination
by-products in relation to stillbirth risk, in
particular bromodichloromethane and other
by-products that correlate with this THM.
In addition, stronger associations and a
dose–response relationship were evident
with stillbirths due to asphyxia-related caus-
es of death, a result that requires conﬁrma-
tion and research into possible mechanisms. 
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